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Abstract:
In the past 30 years, the measured annual river flow of the Yellow River has declined significantly. After adding the
diverted water back to get the ‘natural’ annual river flow, the tendency of decrease can still be seen. This indicates
that the river flow renewability of the Yellow River has changed. The river flow renewability is indexed as the ratio
of annual ‘natural’ river flow to annual precipitation over a river drainage basin, where the ‘natural’ river flow is
the measured annual river flow plus the annual ‘net’ water diversion from the river. By using this index, based on
the data from the drainage area between Hekouzhen and Longmen stations on the middle Yellow River, a study has
been made of the river flow renewability of the Yellow River in the changing environment of the past 50 years. The
river flow renewability index (Irr) in the drainage area between Hekouzhen and Longmen in the middle Yellow River
basin has been found to decline significantly with time. In the meantime, annual precipitation decreased, annual air
temperature increased, but the area of water and soil conservation measures has been increased. It has been found
that Irr is positively correlated with the areal averaged annual precipitation, but negatively correlated with annual air
temperature. There is close, negative correlation between Irr and the area of water and soil conservation measures
including land terracing, tree and grass planting and checkdam building, implying that water and soil conservation
measures have reduced the river flow renewability. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION
Land use and land cover changes and the practice of soil and water conservation measures have greatly
changed the runoff generation processes in many countries in the world, and much research has been done in
this field (e.g., Matheussen et al., 2000; Karvonen et al., 1999; Rai and Sharma, 1998; Hill and Peart, 1998;
Ristic and Macan, 1997; Burton, 1997; Rao, 1996; Sahin and Hall, 1996; Calder et al., 1995). At the same
time, climate change also results in changes in streamflow of many rivers. River flow is a renewable resource;
the renewability of river flow resources is maintained by water cycles in the earth surface systems in different
space scales. How the river flow renewability is affected by human and natural factors is thus an issue of
importance both in theory and in practice.
In the past 20–30 years, the river flow of most rivers in north China shows a decreasing trend, and the
supply–demand relation in water resources becomes more and more strained. In particular, the serious water
shortage in the Yellow River (Figure 1) has been of great concern to government, the scientific community
and the public. The measured annual river flow at Lijin, the most downstream station on the Yellow River, has
declined significantly since the 1970s (Figure 2a). A major cause for this is water diversion for agricultural,
industrial and domestic water uses. After adding back the annual ‘net’ water diversion (i.e., the water quantity
diverted from the river minus the quantity of water returning to the river after water use) to the measured
annual river flow, one can get the ‘natural’ annual river flow. The ‘natural’ river flow still shows a decreasing
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Figure 1. Location map of study area. The dotted line shows the boundary of the drainage area between Hekouzhen and Longmen
trend (Figure 2a). This decreasing trend would result from a decrease in precipitation. To further isolate this
influence, the annual ‘natural’ river flow at Lijin station has been plotted against the annual area-weighted
averaged precipitation over the whole Yellow River drainage basin in Figure 2b. This figure shows that the
points in the periods from 1952 to 1969 and from 1970 to 1996 are fitted by two regression lines. The line
for the former period is located above the line for the latter, indicating that, given precipitation, less river
flow was generated in the former period than in the latter period. This fact leads to a hypothesis that the river
flow renewability of the Yellow River drainage basin has changed. This will be tested in the present study.
So far, much research has been carried out on the temporal variation in the Yellow River’s water yield and
on the causes for its decline (Chen et al., 2001; Research Group, 1997; Wang et al., 1997). In the present
study, a quantitative index of river flow renewability will be proposed and the influencing factors will be
discussed, with the drainage area between Hekouzhen and Longmen of the Yellow River (Figure 1) as an
example.
METHODOLOGY AND DATA SOURCE
Quantitative index for river flow renewability
The rate of transformation from precipitation to river flow can be used to express river flow renewal. In
fact, this rate is the rain to runoff ratio (Cr), defined as Cr D Hr/P, where Hr is the water yield (mm) over
a drainage area for a given period of time and P is the area-weighted averaged precipitation (mm) in this
drainage area.
In modern times, almost all large rivers in the world are deeply affected by human actions. Huge quantities
of water are diverted from rivers, leading to a decline in river flows. Thus, the study of river flow renewability
cannot be based on the data of measured river flow; it should be based on ‘natural’ river flow, i.e., the river
flow under the supposition that no water is diverted from the river. Thus, the river flow renewability index
(Irr) is defined as follows:
Irr D Hr,n/P D Hr,m C Hr,div/P 1
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Figure 2. (a) Temporal variations in annual measured and ‘natural’ river flow of the Yellow River at Lijin station. (b) Annual natural river
flow at Lijin station plotted against annual averaged precipitation in the whole Yellow River drainage basin
where Hr,n is natural river flow, Hr,m is measured river flow, Hr,div is the ‘net’ water diversion, P is
precipitation, all expressed in water depth (mm) over a given drainage area and for a given period of time.
Here the ‘net’ water diversion is defined as the water quantity diverted from the river minus the quantity of
water returning to the river after water use.
The net water diversion includes three items: the net water consumptions for agricultural irrigation, for
industrial use and for domestic use. For many large irrigation districts such as those in the upper and lower
reaches of the Yellow River, gauging stations are established to measure the quantities of water diversion and
water return. Then, the net water diversion can be calculated as the difference between these two quantities. In
some other irrigation districts, the quantity of water diversion is measured, but the quantity of return water is
not. Then the net water diversion (Qwir,div) is calculated as Qwir,div D 1  ˇWdiv, where ˇ is the coefficient
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of water return (defined as the quantity of water return divided by the total gross quantity of water diversion)
and Wdiv is the total gross quantity of water diversion. Here ˇ is the return water coefficient and can be
estimated using the data from some other similar irrigation districts. However, in many smaller irrigated
areas, especially those on some tributaries of the Yellow River, no gauges have been set for measuring the
water quantity. In this situation, the net water diversion may be estimated as Qwir,div D 1  ˇMAi, where M
is the annual irrigation quota, Ai is the annual actual irrigation area and ˇ is the coefficient of water return.
These have been estimated through field investigation in irrigation districts.
The annual net water consumption for all industrial sectors (Qw,in) is estimated as Qw,in D Vq1, where V
is the total output value of all industrial sectors and q1 is the net water consumption per unit output value
of industrial sectors on average. The annual net water consumption for domestic use Qw,do is estimated as
Qw,do D 365Pq2, where P is the population of a given area and q2 is the net water consumption per person
per day on average. The data for all the variables may be obtained by investigation.
To test if there is some trend in river flow renewability, time series of Irr are analysed. In the meantime, this
index is related to some natural factors such as precipitation and air temperature, and some human factors such
as erosion and sediment control measures, using correlation analysis, in order to reveal some cause–effect
relationships.
Data sources
The data of river flow are collected from the relevant hydrometric stations on the Yellow River. The data
for precipitation come from rain gauges. The Yellow River Water Conservancy Commission has organized
an investigation of net water diversion from the Yellow River, using the method mentioned above (Yellow
River Water Conservancy Commission, 1997). The unpublished data from this investigation were used in the
present study. The data of areas of erosion and sediment control measures, including those of land terracing,
tree and grass planting and the land created above checkdams, are also collected from the Yellow River Water
Conservancy Commission and used in this study.
To calculate the averaged annual precipitation in the drainage area between Hekouzhen and Longmen, data
from 158 rain gauges in this area were used. Since these gauges are more or less evenly distributed, the
averaged precipitation in this area is calculated as the arithmetic mean of the 158 gauges. The Hydrological
Bureau of the Yellow River Water Conservancy Commission did this calculation for each year in the period
between 1950 and 1997, and their results are used in the present study.
Air temperature data in the period from 1950 to 1997 are from five meteorological stations on the Loess
Plateau in or neighbouring the study area, i.e., Yulin, Yanan, Changzhi, Linfen and Taiyuan. The averaged
annual air temperature in this area is calculated as the arithmetic mean of the five stations.
OUTLINE OF STUDY AREA
The drainage area between Hekouzhen and Longmen, which is 113 700 km2 in area, is located on the famous
Loess Plateau of China and is the major sediment source area of the Yellow River (Chien et al., 1980; Xu,
2002). The drainage area between Hekouzhen and Longmen is 14Ð8% of the area above Huahuankou station,
the water yield from this area is only 13% of the total of that above Huahuankou station, but the sediment
yield represents 55Ð7% of the total above Huayuankou station, which is 908 mt annually. This area is located
in a transitional zone from semi-arid to sub-humid climates, and is mantled by thick loess. The average
annual precipitation in this area in the period from 1950 to 1997 was 439Ð3 mm, and the annual measured
and ‘natural’ water yield was 42Ð5 mm and 45Ð0 mm, respectively. Thus, the Irr is calculated as 0Ð102. This
means that only 10Ð2% of precipitation can be transformed into river flow, and 89Ð8% of precipitation is lost
by evapotranspiration.
To control serious sediment deposition in the lower Yellow River, this area has been a key area for erosion
control in the Yellow River drainage basin since the 1960s. The measures put into practice include land
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terracing, tree and grass planting and checkdam building. Up to 1996, the terraced land in this area was
485 981 ha, tree planting was 2 537 340 ha, grass planting was 240 815 ha and the area of land created by the
sediment trapped by checkdams was 68 173 ha. The area of all these measures totals 3 332 219 ha, representing
29Ð5% of the total area with soil erosion.
TEMPORAL VARIATION IN RIVER FLOW RENEWABILITY INDEX
The annual river flow renewability index Irr for the drainage area between Hekouzhen and Longmen can be
calculated as follows:
Irr,H–L D Qw,n,L  Qw,n,H/P 2
where
Qw,n,L D Qw,m,L C Qw,div,L 3
Qw,n,H D Qw,m,H C Qw,div,H 4
Here Irr,H–L is the river flow renewability index for the drainage area between Hekouzhen and Longmen;
Qw,m,L and Qw,m,H are annual measured river flow (m3/yr) at Longmen and Hekouzhen, respectively; Qw,div,L
and Qw,div,H are annual quantity of water diversion (m3/yr) above Longmen and Hekouzhen, respectively; P
is water quantity of averaged annual precipitation (m3/yr) over the drainage area between Hekouzhen and
Longmen.
Irr,H–L has been plotted against time in Figure 3. A decreasing trend can clearly be seen. The regression line
and equation are shown in this figure; the correlation is significant at the level of 0Ð01. Thus, the hypothesis
mentioned above, that the river flow renewability of the Yellow River drainage basin has changed, can be
accepted.
EXPLANATION
At the time scale of 1–10 years, the natural factors responsible for the changing river flow are the variations
in precipitation and evaporation, and the variation in the latter may be reflected by the variation in air
temperature. The human factors are water diversion and the practice of soil and water conservation measures.
As the influence of water diversion has been offset by adding it back to the measured river flow to obtain
the ‘natural’ river flow, the practice of soil and water conservation measures can be considered as the major
factor for the decrease in river flow renewability in the Hekouzhen–Longmen area.
Influence of soil and water conservation measures
The practice of soil and water conservation measures changes land use and land cover, and thereby changes
the conditions for runoff generation. After land terracing, the slope of cultivated land becomes very gentle,
which greatly enhances rainfall infiltration. According to observations in the field, when daily rainfall is less
than 50 mm and relatively uniformly distributed, all the rainfall can infiltrate into the soil and no river flow
is generated from the terraced land (Xu and Niu, 2000). Some plot experiments conducted in the study area
showed that land terracing can reduce surface runoff by 70–90%, compared with the sloping cultivated land
(Xu and Niu, 2000).
After tree and grass planting on the bare slopeland, the runoff generation process may be changed. Several
years later, when the vegetation cover is high enough, a considerable proportion of rain can be intercepted by
the canopy and then evaporate to the atmosphere. Transpiration also plays a role. Thus, the effective rainfall for
runoff generation is reduced. Thick litter layers under the trees favour rainwater infiltration. After a sufficiently
long period, the physical and chemical properties of soil may be improved, which further increases the rate
Copyright  2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 1871–1882 (2005)
1876 J. XU
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
1950 1960 1970 1980 1990 2000
R
IV
ER
 F
LO
W
 R
EN
EW
A
BI
LI
TY
IN
D
EX
 I r
r,
H
-L
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
R
IV
ER
 F
LO
W
 R
EN
EW
A
BI
LI
TY
,
 
I rr
,
H
-L
0
50
100
150
200
250
300
A
N
N
U
A
L 
PR
EC
IP
IT
AT
IO
N
, P
 (m
m)
RIVER FLOW RENEWABILITY
LAND TERRACING
TREE PLANTING
GRASS PLANTING
LAND CREATED BY CHECHDAMS
T = 0.0128t- 15.391
8
9
10
11
12
A
N
N
U
A
L 
TE
M
PE
RA
TU
RE
, T
 (˚
C)RUNOFF RENEWABILITY TEMPERATURE
Irr,H-L = -0.0008t + 1.6
P = -1.4194t + 3240.5
r2 = 0.0504
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
1950 1960 1970 1980 1990 2000
YEAR, t
YEAR, t
1950 1960 1970 1980 1990 2000
YEAR, t
R
IV
ER
 F
LO
W
R
EN
EW
A
BI
LI
TY
 IN
D
EX
 I r
r,
H
-L
0
100
200
300
400
500
600
700
800
A
N
N
U
A
L 
PR
EC
IP
IT
AT
IO
N
, P
(m
m)
RIVER FLOW RENEWABILITY ANNUAL PRECIPITATION(a)
(b)
(c)
r2 = 0.31
Irr,H-L = -0.0008t + 1.6
r2 = 0.31
r2 = 0.1481
Figure 3. Temporal variations in river flow renewability index and influencing factors: (a) Irr,H–L and annual precipitation, with the fitted
regression lines; (b) Irr,H–L and soil and water conservation measures, with fitted regression line for Irr,H–L; (c) Irr,H–L and annual
temperature, with the fitted regression lines
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of rainwater infiltration. At several experimental stations for soil and water conservation in the Loess Plateau
region, comparative experiments were conducted on reforested slopeland plots and bare slopeland plots with
comparable size, slope steepness, slope length and other conditions such as precipitation and soil type. The
results show that reforestation can reduce surface runoff by 30Ð81% to 75Ð1%, and grass planting can reduce
surface runoff by 17Ð2% to 58Ð9% (Xu and Niu, 2000, tables 4Ð20 and 4Ð22, pp. 144–143). Land terracing,
and tree and grass planting, may transform the type of runoff generation from the previous overland flow
to saturated flow, by which the flood discharge is significantly reduced. As gullies in the Loess Plateau are
usually deeply cut, many with a depth of 30–50 m, the level of groundwater is very low. Thus, it is likely
that only a small proportion of infiltrating rainwater could reach the groundwater surface, and the remainder is
dissipated to the atmosphere through evapotranspiration during dry seasons. The water consumption by crops
and restored vegetation may significantly reduce soil moisture and therefore reduce the low-flow flow season
of rivers to some degree. All the above processes may result in a decrease in river flow renewability in the
study area. In Figure 3a, the areas of soil and water conservation measures are also plotted, which shows an
increasing trend.
A double mass curve is a plot to detect if there is a trending variation in one variable that is caused by a
factor other than the variable under consideration. In Figure 4, a double mass curve is plotted between the
cumulative annual Irr,H–L and the cumulative annual precipitation over the drainage area between Hekouzhen
and Longmen, to detect if the variation in the former is consistent with that in the latter. If the variation in
Irr,H–L is affected only by precipitation, then a straight line can be expected, which fits the relationship best.
However, it can be seen that since 1980, the curve turns to the right, indicating that the river flow renewability
index has decreased due to the influence of some factor other than precipitation. It can be thought that the
break occurs as a result of soil and water conservation measures. And, to a lesser degree, the increase in air
temperature might play a role as well.
The data of the actual area of soil and water conservation measures at the end of each decade, i.e., 1959,
1969, 1979, 1989 and 1996, are available. They are used to represent roughly the conditions in the 1950s,
1960s, 1970s, 1980s and 1990s (up to 1996). Since annual data are not available, the relationship between
Irr,H–L and soil and water conservation measures has been established on a decadal basis. Thus, the decadal
average for Irr,H–L was calculated, and then plotted against the areas of soil and water conservation measures
at the end of each decade (Figure 4b). It can be seen that significant negative correlations exist, indicating
that the practice of soil and water conservation measures results in a decreased river flow renewability.
Influence of precipitation
The temporal variations in annual precipitation and Irr,H–L in the study area have been plotted in Figure 3a,
both showing a decreasing trend. The relationship between annual Irr,H–L and annual precipitation has been
plotted over the drainage area between Hekouzhen and Longmen in Figure 5a. The points are rather scattered,
indicating that at a time scale of 1 year, there is no correlation between Irr,H–L and precipitation. However,
it can be seen that all the points can be separated by the line Irr,H–L D 0Ð11, with the points from the period
between 1950 and 1969 located above the line, and the points from the period between 1970 and 1997
located below the line. It is generally accepted in China that the soil and water conservation measures become
effective since 1970–1972 in the middle Yellow River basin (Foundation for Study of Yellow River’s Water
and Sediment Change, 1993), thus the distribution of points in Figure 5a demonstrates again that the practice
of soil and water conservation measures results in a decreased river flow renewability.
In Figure 5b, on a decadal average basis, the Irr,H–L has been plotted against annual precipitation over the
drainage area between Hekouzhen and Longmen. The decadal average of Irr,H–L was calculated as the mean
of annual Irr,H–L in a given decade. A strong positive correlation can be seen, which indicates that at a time
scale of 10 years, the change in river flow renewability is closely related to precipitation, a decrease in the
latter resulting in a decrease in the former. It seems that the relationship between river flow renewability and
precipitation depends on the time scale that is chosen for averaging. To test this hypothesis, the time length
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Figure 4. Run renewability as influenced by soil and water conservation measures. (a) Double mass curve between the cumulative annual
Irr,H–L and the cumulative annual precipitation over the drainage area between Hekouzhen and Longmen. Solid and dotted lines are the
regression lines for the periods from 1950 to 1980 and from 1981 to 1996. (b) Decadal average of Irr,H–L as plotted against the areas of
soil and water conservation measures at the end of each decade
for averaging was chosen as 1, 3, 5, 7 and 10 years, and then the correlation coefficient between the averaged
river flow renewability and precipitation was calculated for each case. Figure 5c shows a plot of correlation
coefficient between the averaged river flow renewability and precipitation against the time length that was
chosen for averaging, where a close positive correlation can be seen. At a time scale of 1 year, it is mainly the
rainstorm surface runoff that affects the Irr,H–L  P relationship, because part of the resulting groundwater
may reach the river 1 or 2 years later. At longer time scales, both rainstorm surface runoff and groundwater
can affect the Irr,H–L  P relationship. When some trending variation in precipitation lasts a sufficiently long
time, say 7 or 10 years, the vegetation and soil properties may change gradually, which would change the
conditions for runoff generation. This effect may explain why the correlation coefficient between the averaged
river flow renewability and precipitation increases with the time scale.
Due to the existence of a thick loess mantle, when the daily rainfall and the rainfall intensity are relatively
low, almost all the rainwater could infiltrate into the soil and no runoff would be generated. The infiltrating
rainwater could not reach the groundwater surface and would go up to the land surface by capillary effect
and evaporate to the atmosphere. Under this consideration, it is thought that there exists a critical daily
rainfall, above which river flow can be generated. In the Wudinghe River basin, this critical daily rainfall
was estimated as 10 mm (Dai and Yan, 1993). The annual cumulative value of daily rainfall above 10 mm
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Figure 5. Relationship between river flow renewability and precipitation: (a) relationship between river flow renewability and precipitation,
based on yearly data; (b) relationship between river flow renewability and precipitation based on decadal data; (c) correlation coefficient
between the averaged river flow renewability and precipitation plotted against the time length chosen for averaging
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Figure 6. Annual river flow generation rainfall (a) and its percentage (b) of the annual precipitation as plotted against annual precipitation,
based on the data from Wudinghe River in the period from 1956 to 1993
is then defined as runoff generation rainfall. Based on the data from the Wudinghe River drainage basin, the
annual runoff generation rainfall and its percentage of annual precipitation have been plotted against annual
precipitation in Figure 6, both showing a close, positive correlation. This indicates that with the decrease in
annual precipitation, runoff generation rainfall and its percentage of annual precipitation decline. Thus, the
river flow renewability decreases.
Influence of air temperature
Evaporation is related to air temperature. Other factors being constant, an increase in air temperature
will increase evaporation and thus decrease river flow. However, other factors such as the variation in wind
characteristics and in air circulation situation may also be responsible for the variation of evaporation. As a first
approximation, only air temperature is taken into consideration. Based on the data from five meteorological
stations in the drainage area between Hekouzhen and Longmen, the averaged annual air temperature has been
calculated and plotted against time in Figure 3c. It can be seen from this figure that the annual air temperature
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Figure 7. Annual river flow renewability index Irr,H–L as plotted against the 3-year moving average of annual temperature
increases with time, while Irr,H–L decreases. The correlation between temperature and time is significant at a
level of 0Ð01. In Figure 7, I have plotted the annual river flow renewability index Irr,H–L against the 3-year
moving average of annual temperature, where a negative correlation can be seen. Because a trending variation
in T may lead to a trending variation in soil moisture condition or even in vegetation conditions, 3-year
moving averages for T are used rather than the original values to emphasize the effect of trending variation
in T on river flow renewability. The squared correlation coefficient is r2 D 0Ð1304, which is significant at
a level of 0Ð02. Thus, it seems that the increase in annual temperature is one of the factors that lead to a
decrease in river flow renewability in the area studied.
CONCLUSIONS
In the past 30 years, the measured annual river flow of the Yellow River has declined significantly. After
adding the diverted water back to get the ‘natural’ annual river flow, the tendency of decrease can still be seen.
This indicates that the river flow renewability of the Yellow River has changed. The river flow renewability is
indexed as the ratio of annual ‘natural’ river flow to annual precipitation over a river drainage basin, where the
‘natural’ river flow is calculated as the measured annual river flow plus the annual net water diversion from
the river. The river flow renewability in the study area has been found to decline significantly with time. In
the meantime, annual precipitation decreased, annual air temperature increased, but the area of water and soil
conservation measures increased. The river flow renewability index was positively correlated to the annual
precipitation, and negatively correlated to the annual air temperature. There is close, negative correlation
between Irr and the area of soil and water conservation measures, implying that water and soil conservation
measures have reduced the river flow renewability.
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